The role of TyrD in the electron transfer kinetics in Photosystem II  by Szczepaniak, Malwina et al.
Biochimica et Biophysica Acta 1777 (2008) 1510–1517
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbab ioThe role of TyrD in the electron transfer kinetics in Photosystem II
Malwina Szczepaniak a, Miwa Sugiura b, Alfred R. Holzwarth a,⁎
a Max-Planck-Institut für Bioanorganische Chemie, Stiftstrasse 34-36, 45470 Mülheim a.d. Ruhr, Germany
b Cell-free Science and Technology Research Center, Ehime University, Bunkyo-cho, Matsuyama, Ehime 790-8577, JapanAbbreviations: Chl, chlorophyll; DCMU, 3-(3,4-dich
PSII, Photosystem II; RC, reaction center; DAS, decay-as
Pheo, pheophytin; RP, radical pair; Tyr, tyrosine; β-DM, n
2[N-morpholino]ethanesulfonic acid; SAES, species-asso
⁎ Corresponding author. Tel.: +49 208 3063571/306; f
E-mail address: holzwarth@mpi-muelheim.mpg.de (
0005-2728/$ – see front matter © 2008 Elsevier B.V. A
doi:10.1016/j.bbabio.2008.09.002a b s t r a c ta r t i c l e i n f oArticle history: Redox-active tyrosine (Tyr)
Received 6 June 2008
Received in revised form 29 August 2008
Accepted 1 September 2008









Ultrafast spectroscopyD is indirectly involved in controlling the primary electron transfer in PSII. The
presence of the oxidized TyrD renders P680+ more oxidizing by localizing the charge more on PD1 and thus
facilitates trapping of the excitation energy in PSII. We also conclude that the mechanism of the primary
charge separation and stabilization is altered upon QA reduction.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionPhotosystem II (PSII) functions as light-driven water-oxidizing
enzyme in the thylakoid membranes of cyanobacteria and higher
plants [1]. The structure of PSII was recently determined at high 3 Å
resolution [2]. The X-ray structure provided the basis for a model of
the water-splitting site, the Mn4Ca cluster [3]. In the cyanobacterial
PSII photons are absorbed by the chlorophyll (Chl) pigments in one of
the core antennae, CP43 and CP47 (here CP stands for chlorophyll
protein), and delivered to the reaction center (RC) for subsequent
charge separation (CS) and transport of an electron across the
membrane. The electron moves along the active cofactor branch,
consisting of chlorophyll PD1, accessory chlorophyll ChlaccD1, pheo-
phytin PheoD1, and two quinone molecules, QA and QB (Fig. 1). The
“inactive”, quasi-symmetric branch is composed of chlorophylls PD2,
ChlaccD2, and PheoD2. The pseudo-C2 symmetry organization of the
cofactors in the RC comprises also two peripheral chlorophylls, ChlZD1
and ChlZD2, the two redox-active tyrosines, TyrZ and TyrD, and the
Mn4Ca cluster. PSII is characterized by an extraordinary high oxidative
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reduction chain that involves PD1/TyrZ, TyrZ/(Mn4Ca cluster), and
ﬁnally (Mn4Ca cluster)/H2O redox reactions. Four such light-driven
cycles are necessary to split water and release oxygen to the lumenal
side of the membrane (review articles on the light-driven reactions in
PSII [4], and others in the same volume).
The redox-active TyrZ is the intermediate compound in the
electron transfer from the Mn4Ca cluster to P680+. Its counterpart
TyrD is not directly involved in the water oxidation, even though it
shares with TyrZ similar spectroscopic features. The TyrD radical is
much more stable, and its actual role(s) in PSII structure is still not
completely clear (for a review on tyrosine D see [5]). Due to the strong
analogy between the active and inactive branches in PSII RC, it was
postulated that the PSII ancestor was a homodimer enzyme, using
both branches for charge separation and perhaps even oxidation of
water [6].
It seems to be well established that PSII functions at physiological
conditions with TyrD in its oxidized state, given that upon the onset of
illumination TyrD gets oxidized by the charge equivalents accumu-
lated in S2/S3 states of the manganese cluster. Concomitant with the
oxidation of the Tyr molecule a proton transfer step between the Tyr
radical and the neutral neighboring histidine D2-His189 occurs [7]. As
a consequence, TyrD, as well as TyrZ, are neutral radicals in their
oxidized states [8]. This is conﬁrmed by FTIR experiments on the Mn-
depleted PSII cores [9] which show that TyrD in the reduced state is
likely to be protonated and to form a H-bond to the imidazole ring of a
histidine, whereas other measurements suggested that TyrD in the
oxidized form is deprotonated [10–12]. This is the general idea of a
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1980s [8]. Since the protein environment in the vicinity of TyrD has
hydrophobic character and the Tyr site is not easily accessible to the
lumen, the proton released upon TyrD oxidation stays in its proximity,
interacting via the hydrogen bond with D2-His189. The TyrD radical is
stable for a long time, for minutes to hours, when compared with its
more “glamorous sister”, TyrZ [5]. However, the recent study of
Hienerwadel et al. [13] introduces doubts as to the role of the histidine
residue in the hydrogen-bonding interactions with TyrD. Never-
theless, TyrD is characterized by lower redox potential than TyrZ
(0.75 V vs. 0.95–1.1 V) and much slower electron donation to P680+
[14]. However, in PSII lacking TyrZ it is able to donate the electrons to
P680+ as fast as TyrZ under physiological conditions [15].
At present the purpose of TyrD in the PSII reaction center is not
entirely clear. The following redox and electrostatic functions of TyrD
have been postulated: 1) it stabilizes higher valence states of the
manganese cluster, which might be important during the photo-
assembly of the manganese cluster [16]; 2) TyrD radical increases the
potential energy of P680+; 3) TyrDU(H+) affects the donor side redox
activity [17], possibly via the inﬂuence on the hydrogen-bond network
in the vicinity of TyrZ [18]; 4) after the ﬁrst turnover it affects the
distribution of the positive charge on the Chl pair (PD1PD2)+ and thus
both accelerates the TyrZ oxidation (i.e. shifts the charge towards PD1)
and directs the photochemical reactions to the D1 protein side [19].
Despite being designed to study speciﬁcally the features of TyrZ,
the TyrD-less mutant provides an excellent opportunity to investi-
gate the puzzling functions of TyrD and the possible inﬂuence on the
early electron transfer steps. The point mutation was introduced in
the D2 protein of Chlamydomonas [18], Synechocystis [20], and ﬁnally
T. elongatus [21]. In view of the fact that the structural data are
available for the cyanobacterial system, it is very suitable to study
the latter system. In the generated mutant TyrD is substituted with
redox-inactive phenylalanine (for details see [21]).
In this work we have studied the inﬂuence of TyrD on the early
electron transfer in the intact, oxygen-evolving cyanobacterial PSII
core complexes. Fast time-resolved ﬂuorescence experiments wereFig. 1. PSII RC cofactors based on the 2AXT.pdb entry [2]. The protein matrix is not shown fo
and PD2 (magenta), accessory chlorophylls ChlaccD1 and ChlaccD2 (blue), pheophytins PheoD
ChlzD2 (green), β-carotenes CarD1 and CarD2 (orange), tyrosines TyrZ (grey) and TyrD (
cytochrome Cyt b-559 (dark red).designed to investigate the effect of the tyrosine radical on the P680+
redox potential and the charge distribution on the (PD1PD2)+ pair, and
consequently the charge separation and electron transfer kinetics in
the RC and in particular the effects on the energetics of the
intermediates.
The electron transfer kinetics has been studied in detail in PSII WT
preparations with open and closed RCs [22–24] (for review on the
energy/electron transfer processes see [4]). If the assumption of the
inﬂuence of TyrDU(H+) on the charge distribution on (PD1PD2)+ and the
redox potential of P680+ is correct, then we should be able to: 1)
observe differences in the electron transfer reactions (rate constants
and/or lifetimes and free energy differences of intermediates)
between the WT and the TyrD-less preparation; and 2) possibly
validate also further our previous ﬁndings on the switch in the CS and
electron transfer mechanism in PSII with reduced QA [24].
2. Materials and methods
2.1. Samples
Time-resolved ﬂuorescence measurements were performed on PSII
core complexes (dimeric form) prepared from Thermosynechococcus
elongatus WT′ (attached His-tag on C-terminus of CP43, knockout
psbD2) and the D2-Y160F mutant (called TyrD-less, knockout psbD2)
[21]. T. elongatus cells were cultivated in DTN medium under
continuous light (∼80 μmol photons/m2/s), and PSII core complexes
were puriﬁed as described in [25]. The D2-Y160F mutation was
introduced into psbD1 after psbD2 was deleted. Both preparations
exhibited high activity, with the oxygen evolution ranging from
3600 μmol O2/(mg Chl*h) to 4200 μmol O2/(mg Chl*h). For the
ﬂuorescence kinetics experiment, isolated PSII complexes were diluted
in 40 mMMES buffer, pH 6.5 (Serva, Heidelberg, Germany) containing
15 mM MgCl2 (Roth, Karlsruhe, Germany), 15 mM CaCl2 (Merck,
Darmstadt, Germany), 1 M Betaine (Sigma, Taufkirchen, Germany),
0.03% β-DM (Glycon, Luckenwalde, Germany). The ﬁnal concentration
was adjusted to be below OD663=0.3 cm−1. To keep the RCs in the openr clear view. The cofactors form two branches in a pseudo-C2 symmetrical order: PD1
1 and PheoD2 (yellow), quinones QA and QB (cyan), peripheral chlorophylls ChlzD1 and
violet), histidine residuals D1-His190 and D2-His189, Mn4Ca cluster (red dots) and
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closure of the RCs (Fm state, meaning the single reduction of QA) was
achieved by treatment with the electron transfer inhibitor DCMU
(20 μM) and weak background irradiation during the measurement,
provided by an LED (λ=630 nm; intensity of 8 μE/m2s). Additionally an
oxygen trap (65 μg/ml glucoseoxidase, 65 μg/ml catalase and 8 mM
glucose) was used in the PSII samples with reduced QA.
2.2. Experimental technique
The ﬂuorescence decays were recorded using the single-photon
timing technique, with the experimental set up as described in [23]
and conditions given in [24]. The decays were recorded in the spectral
range 673 nm–701 nm, with the 4 nm step. All measurements were
performed at room temperature. Taking the steady-state ﬂuorescence
spectra before and after each lifetime experiment allowed to control
the stability of the sample.
Furthermore, the chlorophyll a ﬂuorescence induction measure-
ments were carried out on each sample with a Handy Pea instrument
(Hansatech Instruments, UK). Samples were dark-adapted for 2 min
before the measurements and then illuminated with continuous light
(650 nm peakwavelength,1250 μE/m2s) provided by the focused array
of ultra-bright red LED's. The ﬂuorescence data were recorded for 15 s.Fig. 2. Chlorophyll a ﬂuorescence curves from PSII WT′ and D2-Y160F mutant with RC in open
from (A) normalized to the Fm level; and (C) all signals from (A) were doubly normalized to2.3. Data analysis
The time-resolved ﬂuorescence signals were analyzed by global
and target kinetic modeling [26]. The quality of each ﬁt was estimated
by the χ2-value and the residual plot, together with the shape of the
species-associated emission spectra (SAES) in the latter type of data
analysis. Various kinetic models were tested, differing in the number
of the radical pairs (RP) and/or additional components.
3. Results
3.1. Fluorescence induction
Chlorophyll a ﬂuorescence induction signals are presented in Fig. 2
(for a review see [27]). The original curves (panel A) indicate an
elevated F0 level in PSII with closed RC, while the mutant preparation
with oxidized QA has only slightly higher F0 value when compared
with the WT′ PSII. However, normalization to the Fm level (panel B)
results in similar curves in the FeCN-treated samples. The ﬂuorescence
induction curves of all PSII samples with open RC demonstrate
comparable, very high Fm/F0 ratios of about 9–10. The double
normalization (to both F0 and Fm, levels) reveals almost identical
shapes of these curves (panel C).and closed state (please, note different y-axis scales): (A) original signals; (B) all signals
the F0 and Fm levels for better comparison of the wild type and the mutant preparation.
Table 1
Lifetime components of the ﬂuorescence signals resulting from the global modeling
Open RC Closed RC




2370 (3%/45%) 1210 (8%/50%) 4230 (21%/73%) 3010 (39%/81%)
433 (7%/19%) 229 (30%/36%) 1550 (16%/20%) 1270 (17%/14%)
149 (15%/15%) 59 (29%/9%) 303 (20%/5%) 272 (24%/5%)
42 (75%/21%) 27 (34%/4%) 58 (43%/2%) 44 (20%/b1%)
2 (neg.) 2 (neg.) 2 (neg.) 3 (neg.)
τav
tot (ps) 131 177 1215 1397
χ2 1.016 1.040 1.033 1.018
Lifetimes (±10%) are given in ps, while in parentheses are given the average relative
amplitude/the average relative yield of a ﬂuorescence lifetime; the shortest lifetimes are
characterized with large negative amplitude, and thus are excluded from the calculation
of the average amplitudes or yields. τavtot (ps) is the average lifetime of ﬂuorescence
calculated on the basis of all lifetimes present in the global analysis, while χ2 is a
measure of the quality of the ﬁt.
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3.2.1. Original data and global analysis
Fluorescence decay signals of PSII WT′ and D2-Y160F mutant
recorded at 681 nm are compared in Figs. 3A and B, with QA oxidized
and reduced, respectively. Clear differences exist in the ﬂuorescence
decays between the WT′ and the TyrD-less mutant. In the case of PSII
particles with RC in the open state both signals overlap in the ﬁrst
60–80 ps, while on the longer time-scale the mutant ﬂuorescence is
characterized by a slower decay. However above 6 ns the signals are
nearly identical. A similar trend is observed in the PSII preparations
with reduced QA — the ﬂuorescence signals overlap in the ﬁrst 100 ps,
but above 5 ns the signals show the longer decay time of the WT′.
Both observations are explained by the longer-lived long component
in the WT′ PSII found in global analysis (Table 1). Table 1 summarizes
the ﬂuorescence lifetimes, their relative amplitudes and relative
yields obtained in the global ﬁtting of the data. In all investigated
samples the shortest lifetime, in the order of 2–3 ps, is characterized
by negative amplitudes over almost the whole spectral range.
Typically this feature is associated with the energy transfer processes
between the antennae units, CP43 and CP47, and the RC [23].
Moreover, except for short lifetimes up to 500 ps, the samples with
open RCs (oxidized QA) all contain small amplitude of a long-lived
component. In PSII with reduced QA the long-lived components have
large amplitudes as observed previously [24]. These long lifetimes
contribute most to the total ﬂuorescence signal (see Table 1, relative
yield of ﬂuorescence). The average lifetimes of ﬂuorescence calcu-
lated on the basis of all the components found in the global analysis
for each sample correlate well with the high ﬂuorescence yield of theFig. 3. Original time-resolved ﬂuorescence signals detected at 681 nm upon 663 nm
excitation of the WT′ and D2-Y160F PSII. The insets show the ﬂuorescence decay on
short time range, up to 1.2 ns, while the main plots on the longer time-scale, to 8.5 ns
(the signals were normalized to themaximum of the ﬂuorescence): (A)WT′ andmutant
with oxidized QA; (B) WT′ and mutant with reduced QA.long-lived components. Moreover, the differences in the τavtot between
WT′ and D2-Y160F indicate the importance of the tyrosine D in the
photosynthetic activity of the enzyme. The average lifetime in PSII
with oxidized QA is almost 35% longer in the TyrD-less preparation
than in WT′. The relative effect is however smaller in PSII with closed
RC, reaching only 15% increase.
3.2.2. Target modeling
Compartmentmodeling applied to the experimental data yielded a
set of rate constants and species-associated spectra (SAES) describing
the ﬂuorescence kinetics. The ﬁnal models were chosen on the basis of
the quality of the ﬁt and the plot of the residuals, together with the
shape of SAES. For all described preparations the minimal models
consist of three excited states (CP43*, CP47*, and RC*), three radical
pairs (RP1, RP2, and RP3) and one or two additional not connected to
the model components with small amplitude. The models follow our
previous extensive analysis of the kinetics for WT PSII with open and
closed RCs [22–24]. The data sets were subjected to extensive error
analysis, using varying starting conditions. The ﬁnal models are
presented in Fig. 4 (and Figs. S1–S4 in Supplementary materials). Only
for the PSII WT′ preparationwith open RC two additional components
were required, in other preparations one additional compartment was
sufﬁcient to obtain a good ﬁt. Therefore, all kinetic schemes yielded a
set of six lifetimes in the range from a few ps up to above 4 ns. The
degree of participation of each lifetime in the energy and electron
transfer processes is shown in the matrix of weighted eigenvectors
(Figs. S1–S4). For the interpretation of the matrices see [23]. In all
models the same rates for energy transfer processes between
antennae and RC compartments were assumed, as determined in
our previous work [22].
4. Discussion
4.1. PSII open RC WT′ vs. D2-Y160F
Chlorophyll a ﬂuorescence measurements on PSII with open RCs
show no substantial differences between theWT′ and themutant (Fig.
2C). The Fm/F0 value (between 9 and 10) is twice larger than reported
before in the literature [28]. However, it is fully compatible with the
corresponding increase of the average ﬂuorescence lifetime obtained
upon the closure of RCs in the time-resolved ﬂuorescence experiments
(see Table 1). We assume that previous preparations of PSII core did
have some amount of inefﬁciently connected antennae (which would
increase F0) and/or not a full equivalent of QA, which would have the
same effect.
Comparison of the results of the global analysis (Table 1) reveals a
large relative amplitude of the ∼40 ps lifetime in WT′ (75%), which is
much higher than the amplitude of other lifetimes, while in the
mutant a 27 ps component has only 34% of the total amplitude,
Fig. 4. Results of target analysis of the ﬂuorescence signals from (A)WT′with oxidized QA; (B) D2-Y160Fmutant with oxidized QA; (C)WT′with reduced QA; and (D) D2-Y160Fmutant
with reduced QA. Each kinetic model consists of six states: three excited states (CP43*, CP47*, and RC*) and three radical pairs (RP1, RP2, and RP3) plus 1 or 2 additional compartments.
The rates are given in ns−1.
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229 ps). The same trend can be found in the relative ﬂuorescence
yield. In the D2-Y160F the longer lifetimes have much higher yields,
whereas in the WT′ the relative yield of the longest lifetime is only
twice larger than the yield of the shortest one. The same conclusions
can be made on the basis of the target modeling, where DAS plots
show a rather large relative amplitude of the 41 ps lifetime in WT′,
while the corresponding component in D2-Y160F has still the largest
amplitude, however much smaller in relation to the amplitudes of the
other lifetimes.
The results of the kinetic target modeling of the WT′ and the
mutant data are shown in Figs. 4 and S1–S4. The emission spectra of
the excited RC compartment peak at about 683 nm in both
preparations, whereas the antennae spectra are blue-shifted and of
smaller amplitude. The target analysis indicates higher rates of charge
separation and charge recombination processes in the TyrD-less PSII.
However, the weighted eigenvector matrices show similar lifetimes
(5.1–5.5 ps) associated with the formation of the ﬁrst RP. (Note thatthe rise of the population of a kinetic compartment is indicated by a
negative sign, while its decay by a positive sign). The resulting actual
ﬂuorescence lifetime, ∼8.5 ps, cannot be exclusively assigned to one
particular process; both energy and electron transfer steps contribute
to it. The charge stabilization (formation of the second radical pair) is
described with 37–41 ps lifetimes in WT′ and D2-Y160F PSII,
respectively. The rise of the RP3 population is 30 ps faster in the WT′
than in the mutant. Nevertheless, the ﬁnal resolved process, the decay
of the third RP, is characterized by 260–280 ps lifetimes in both
preparations. According to the previous ﬁndings ([22,23] etc.) the third
radical pair decays to the PD1+ QA− state. As shown in earlier experiments,
the primary charge separation takes place between the accessory
chlorophyll ChlaccD1 and the pheophytin PheoD1 in the active branch of
RC [22,29]. Thus, RP1=ChlaccD1+ PheoD1− ; RP2=PD1+ PheoD1− ; and in line
with the proposed protein relaxation arising in the RCwe assign RP3 to
the radical pair PD1+ PheoD1− surrounded by a protein which has already
undergone a conformational change. For better understanding of the
TyrD inﬂuence on the primary events in PSII the free energy difference
Fig. 5. Schematic illustration of the free energy differences ΔG between different
compartments of the kinetic models presented in Fig. 4. RC* denotes RC excited state
and represents the reference state for the free energy calculations.
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calculated on the basis of the forward and backward rate constants
of the discussed processes. Fig. 5 (left side) shows almost no difference
in ΔG for the primary CS between WT′ and mutant. This is not
surprising since both chromophores involved in RP1 are rather distant
to TyrD. However, the formation of RP2 is inﬂuenced by the lack of
TyrD. This process is less favored in the mutant than in the WT′. The
most likely explanation is the electrostatic inﬂuence of the H+ localized
in the vicinity of the TyrDU radical on the distribution of the positive
charge on the (PD1PD2)+ chlorophyll pair. Therefore, a smaller loss of
free energy in this step in the mutant could be caused by a mutation-
triggered alteration in the hydrogen-bond network around PD2 and
thus its redox potential and/or distribution of the partial charge on
PD1PD2 pair [19,21]. However, the P680+ reduction kinetics experi-
ments on PSII core particles isolated from C. reinhardtii [18] did not
show an inﬂuence of TyrD presence/absence on the P680/P680+ redox
potential. However, our data clearly show such an effect. As the most
important consequence, the presence of TyrDU(H+) increases the
oxidative power of PD1+ , improving in this way the rate of TyrZ
oxidation and thus of the water-splitting process. This can be also
visualized by the time course of the average loss of the free energy
difference of all radical pairs during the reaction (Fig. S5 in
Supplementary materials). The drop in total ΔG is much faster in the
WT′ than in the TyrD-lessmutant, indicating the inﬂuence of TyrDU(H+)
on the rate of the TyrZ oxidation. In spite of the lack of TyrD in the
mutant PSII particles, the conformational change of the protein
surroundings stabilizes the separated charges leading to the formation
of the ﬁnal state RP3, identical in both samples (see also Szczepaniak et
al. [24]). It is clear from Fig. 5 that the total loss of free energy for WT′
and D2-Y160F after protein relaxation is comparable in the experi-
mental error limits. This shows again that it is primarily the forward
rate, and thus the driving force for TyrZ oxidation, which is increased
by the TyrD radical. The last resolved step in our experiment describes
the formation of PD1+ QA− pair. This process is characterized by the same
lifetimes for both, WT′ and D2-Y160F PSII particles, of 250–280 ps,
which is not surprising since QA is located far from TyrD.
4.2. PSII with closed RCs
In PSII particles treated with DCMU the chlorophyll a ﬂuores-
cence exhibits similar trends in both preparations. The globalanalysis of both preparations resulted in a set of ﬁve lifetimes, once
again with the shortest one (a few ps) exhibiting the features of an
energy transfer process. The other two components below 1 ns
contribute very little to the yield of the total ﬂuorescence signal
(≤5%). The largest contribution to the ﬂuorescence signal comes
from the two longest lifetimes, 1.6 ns and 4.2 ns in WT′ and 1.3 ns
and 3.0 ns in D2-Y160F PSII: 20% and 73% for WT′ and 14% and 80%
for the mutant, respectively. It is noteworthy to point out here that
the amplitude of the ∼50 ps lifetime is almost twice larger than the
amplitude of the longest component in the WT′ preparation,
whereas the mutant shows the opposite effect. In consequence
the average lifetime of ﬂuorescence of the mutant is about 15%
larger.
The compartmental modeling shows that in the PSII with closed RC
the mutation does not seem to affect the primary charge separation
rate, however the charge recombination step is almost 3 times faster
in D2-Y160F. In addition the rate of the charge stabilization is almost
40% increasedwhen comparedwith the corresponding rate in theWT′
PSII, whereas the back reaction is characterized with comparable
rates. The RP2 to RP3 electron transfer rate is also larger, by about 46%,
in the mutant. In the lifetime domain the major difference between
both samples can be observed in the charge separation process: it is
characterized by a 38 ps component in theWT′, while in the mutant it
is faster (22 ps). The subsequent lifetimes, ∼170 ps and ∼590 ps, are
comparable in the experimental error limits, although the longest
lifetime (few ns) differs more than 40%.
As in the PSII with open RC, also here the rearranged hydrogen-
bond network around PD2 may cause modiﬁcations in the free
energy differences for particular electron transfer steps [21]. In
accordance with Fig. 5, the effect of TyrD is obvious, especially in the
ﬁrst electron transfer step, where the free energy difference of the
charge separation in WT′ PSII is almost four times larger than in D2-
Y160F. Additionally, in PSII with reduced QA the formation of RP2 is
less favored in the TyrD-lacking mutant in same manner as in PSII
with open RC — the magnitude of this effect is comparable, since ΔG
(RP2)WT′ −ΔG(RP2)mutant is about −22 meV and −17 meV for open
and closed RC, respectively. All of these effects of mutation and
differences upon closing RCs suggest strongly that the D2 side of the
protein, with charged radical species appearing close to the TyrD
radical, is involved in the charge separation process in PSII with
reduced QA.
In PSII with oxidized QA, the early processes are well understood
[22,29]. In contrast the mechanism of charge separation and electron
transfer in PSII with closed RC seems to be different and still unclear
[24]. The prevailing hypothesis in the literature is that the mechan-
isms of charge separation and also the radical pairs involved are
identical in PSII with open and closed RC. However, our data analysis
on DCMU-treated PSII particles strongly suggests a switch in
mechanism and the involvement of the D2 side in electron transfer
of closed RCs [24]. Fig. 5 (right side) clearly indicates the inﬂuence of
the TyrD presence/absence on the formation of the ﬁrst RP. The free
energy difference of the charge separation in WT′ PSII is almost four
times bigger than in D2-Y160F. Therefore, we propose that one (or
both) of the chromophores constituting RP1 has to be localized in the
relative vicinity of TyrD, which leads to the idea of different
chromophores involved in the radical pairs when compared to PSII
with open RC. The requirement of a relatively short distance to TyrD
allows us to exclude PheoD1, as well as PheoD2, as a potential partner in
RP1. Thus, the most likely molecules contributing to the ﬁrst radical
pair are: PD1, PD2, ChlaccD1 and ChlaccD2.
The opposite trend can be found in the formation of the two
subsequent radical pairs— the correspondingΔGs aremuch smaller in
the WT′ than in the mutant. Nevertheless, the total ΔG change is
comparable in both preparations (−53 and −59 meV for WT′ and D2-
Y160F, respectively). For this reason and on the basis of our previous
ﬁndings [24] we can speculate here also about the involvement of the
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the energetically favored state. Consequently RP3 might be regarded
again as a relaxed RP2.
Time-resolved transient absorption difference spectroscopywill be
required to arrive at a correct mechanism and description of the
involved RP intermediates for PSII with closed RCs.
5. Conclusions
The present work reveals the importance of TyrD for the primary
reactions in PSII. Even though our data show that the enzyme canwork
efﬁciently without TyrD under physiological conditions (PSII with QA
in oxidized state), the inﬂuence of its presence is very pronounced in
the second electron transfer step. This however can be overcome with
the help of the surrounding protein. The comparable total losses of free
energy in both,WT′ and D2-Y160F underline the often neglected input
of the protein dynamics to the electron transfer processes in PSII.
Our data is interpreted in the framework of the trap-limited
kinetics model that implies fast energy equilibration between
antennae complexes and the RC compared with a slower charge
separation process. This model is based on a vast experimental base,
comprising both femtosecond transient absorption data as well as
ultrafast ﬂuorescence kinetics data [22,23]. This is the only model
that has been able to consistently describe both types of ultrafast
experiments. There are some conﬂicting reports in the literature
suggesting a diffusion-limited kinetics from the antenna to the RC,
based either on experimental data [30] or theoretical modeling [31].
The experimental study of [30] lacked the necessary time-resolution
to actually resolve the fast energy transfer, and the theoretical study
of [31] used only a very limited set of experimental data to ﬁt their
theoretical model. If we would in fact assume these alternative
diffusion-limited models as the basis of our interpretation the
consequences are clear: We would in this case have to interpret
most of the rate constants that are changing in the mutant relative
to the wild type as energy transfer rate constants. Thus the
implication would be that upon mutating the TyrD the energy
transfer between antenna and RC would change. This would be a
totally illogical consequence of applying a diffusion-limited model.
Clearly mutation at TyrD site cannot change the energy transfer
rates in any substantial way, but it is completely logical that it
changes some of the early electron transfer rates. Thus, quite in
contrast to the implications of the above-mentioned diffusion-
limited models, we have to conclude that our present ﬁndings do
require a trap-limited model, as applied by us in the present work.
Any other interpretation would lead to severe inconsistencies.
Without having to go into the intricate details of the analysis of
the type of kinetics in PS II – which is amply discussed in the
literature already – the present experimental ﬁndings thus demon-
strate by themselves the necessity of a trap-limited kinetics and
exclude a diffusion-limited kinetics.
Moreover, the different changes in kinetics of the WT′ and the
mutant preparations observed upon closing RCs not only show the
effect of the presence/absence of TyrD, but in addition conﬁrm our
previous suggestion [24] of the alteration in the CS and electron
transfer mechanism in PSII upon closing the RCs by reduction of QA.
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